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High dose modulation in VMAT technique increases dose 
inhomogeneity of approximately 10% in the ITV region. The 
attached figure presents a representative example of 
comparisons performed between measurement and 
simulation. The results widely fulfill the gamma index of 
3%/3mm for sinusoidal motion patterns. Irregular patient 
breathing patterns (high velocities) require further 
investigation and development of the simulation algorithms. 
 
 
Conclusions: Dose accumulation algorithms allow for 
assessment of motion effects but still remain challenging. 
Our results show that interplay effects influence IMRT and 
VMAT dose distribution. Consequently, dose accumulation 
methods should be suitable to account for interplay effects.  
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Purpose/Objective: Intensity Modulated Proton Therapy 
(IMPT) is highly sensitive to errors in patient setup and proton 
range. Accurate calculation of the expected dose and dose 
variance resulting from these errors currently requires 
extensive Monte Carlo (MC) simulations, involving time 
consuming recalculations of the dose distribution. 
Consequently, only few worst-case error scenarios are 
typically used in plan evaluation and in robust optimization, 
instead of an accurate estimate of the expected dose and its 
variance. The aim of this work is to develop an efficient and 
still accurate method to calculate the expected dose and 
variance of IMPT treatment plans. To achieve this aim, we 
adapted and evaluated the Polynomial Chaos Expansion (PCE) 
technique to model dose uncertainties resulting from setup 
and range errors. 
Materials and Methods: PCE reconstructs a dose response as 
a multi-dimensional polynomial function of the setup and 
range errors. For Gaussian errors, Hermite polynomials are 
used with corresponding PCE coefficients (PCCs). The PCCs 
are obtained by numerical integration, which needs 
calculating the dose in different error scenarios. The 
accuracy of the model improves with the polynomial order 
(PO) and the number of scenarios included. Having obtained 
the PCCs, the PCE model can replace the exact dose 
calculation and yields the dose distribution for any the setup 
and range error. The PCCs also directly give the expected 
dose and its variance. The method was tested on robustly 
optimized IMPT dose distributions of 2 head and neck and 1 
prostate cancer patient, assuming a Gaussian setup error 
with a σ of 2 mm (in all directions) and range error with a σ 
of 2%. The accuracy of PCE was determined by comparing the 
dose calculated with PCE to exact recalculations for 625 error 
scenarios (spanning ± 2σ). Differences were assessed by 3D γ-
analyses with strict dose and distance-to-agreement criteria 
of 0.1Gy/1mm. 
Results: Averaged over the 3 cases, the γ-index passing rates 
were 51, 82, and 97% for all tested error combinations for 
POs of 2, 3, and 4 respectively (Table 1). From this, a PO of 
4, which required 201 dose calculations (1.2 hrs), was 
rendered adequately accurate. The overhead time to 
construct the PCE model was 0.5 hrs. In contrast, MC 
required on average 4900 iterations and subsequent dose 
recalculations to achieve an accuracy of only 5% (95% CI) in 
the expected dose, which took 67 hrs. The 95% CI of the 
variance was still as high as 46% after the 4900 MC iterations. 
A dose calculation using the PCE model takes only 0.7 s, 
compared with 51 s for an exact calculation, enabling also 
fast simulations of treatment courses. As example, Fig. 1 
shows a DVH of the planned and expected dose and its 






Conclusions: The dramatically reduced time to calculate the 
expected dose of IMPT treatment plans and its variance 
under patient setup and range errors enables its assessment 
in clinical practice. The inclusion of PCE in robust IMPT 
optimization is part of future research.  
 
 
